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I. Mycorrhiza 
 
The term mycorrhiza was first coined by A.B. Frank, in 1885, to describe the widespread coating of 
tree roots with fungal mycelium (Trappe, 2005). Since the end of the 19th century a lot of studies on 
this mutualistic interaction between fungi and plants were performed. This form of symbiosis has 
been proven to exist for at least 460 million years and is found in 80-90% of all plant species both in 
monocotyledons and dicotyledons (Remy et al., 1994; Redecker, 2000; Bonfante and Genre, 2010; 
van der Heijden et al., 2015). Most of the fungal partners belong to the phyla Glomeromycota but 
several Basidiomycetes and Ascomytes can form mycorrhiza as well (Bonfante and Genre, 2010). 
Depending on the colonisation structure, mycorrhizal interaction can be classified into 
endomycorrhiza and ectomycorrhiza (Bonfante and Genre, 2015; van der Heijden et al., 2015). Fungi 
in an ectomycorrhizal interaction grow intercellularly and do not penetrate root cells. The main 
morphological characteristic of an ectomycorrhizal interaction is the Hartig net. This structure forms 
around and within the roots of the host and consists of fungal hyphae and plant cells (Tedersoo et al., 
2010). An example for ectomycorrhizal symbiosis is the well-studied interaction between the 
Basidiomycete Laccaria bicolor and its host Populus trichocarpa (Martin and Nehls, 2009). In 
contrast to ectomycorrhizal fungi, endomycorrhizal fungi penetrate cells of the host. Endomycorrhiza 
can be classified into ericoidal, orchidal, and arbuscular mycorrhiza. Ericoidal and orchidal 
mycorrhizal symbioses occur only in a small number of plant species, whereas arbuscular mycorrhiza 
(AM) is the most prevalent type of symbiosis (van der Heijden et al., 2015). In natural communities, 
more than 100 metres of AM hyphae can be found per square centimetre of soil (Miller et al., 1995). 
Approximately 80% of all terrestrial plants can form an AM with fungi of the phylum 
Glomeromycota. In this interaction the fungi form tree-like structures (arbuscules) inside the inner 
corticular cells (Bonfante and Genre, 2010). All Glomeromycota are obligate biotroph and depend on 
a plantal partner to complete their lifecycle (Parniske, 2008). 
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II. Tit For Tat 
 
As a result of their symbiosis, mycorrhizal plants can overcome unfavourable conditions. For 
example, abiotic stress such as drought, salinity, or heavy metal conditions can be counteracted 
(González-Guerrero et al., 2005; Miransari, 2010; Lenoir et al., 2016; Mariotte et al., 2018). But the 
main advantage for both partners in a mycorrhiza is the exchange of nutrients, mainly carbon and 
phosphorus (P). Up to 70% of the P acquired by mycorrhizal fungi is transported to its plantal partner 
and up to 90% of the total P which is found in the plant is derived from the fungal partner (Chiapello 
et al., 2015). Phosphate transporters such as MtPT4 from Medicago truncatula are specifically 
induced in the presence of arbuscular mycorrhiza fungi (AMF) (Javot et al., 2007a). In addition to 
phosphate transporters, mycorrhizal fungi possess transporters for the active uptake of ammonium 
from the soil and its subsequent transfer to the host plant (Govindarajulu et al., 2005; Guether et al., 
2009). The transport of nutrients is constantly monitored by the plant. Lysophosphatidylcholine 
(LPc), a product of the phospholipid metabolism, can act as a signalling molecule and activates 
expression of phosphate transporter genes in plants (Parniske, 2008). The level of LPc and other 
substances can be measured by the plant cell (Javot et al., 2007b). Thus, a reduced transfer of nutrients 
from the fungal partner can cause a premature end of the symbiotic interaction (Javot et al., 2007b). 
Agricultural practices such as fertilization increase the amount of plant-available nutrients and 
subsequentially reduce the level of mutualistic fungi in the soil significantly (Bakhshandeh et al., 
2017; Mariotte et al., 2018). 
In turn, 10%-50% of the plant’s photoassimilates are transported to the fungal partner (van der 
Heijden et al., 2015). These photoassimilates are transferred to the fungus mainly as carbohydrates 
and fatty acids (Rich et al., 2017). These transfers of carbon and other molecules are sink-based and 
might be controlled by jasmonic acid (JA) (Hause et al., 2002). Interestingly, a single fungus can 
connect several different plants, creating the so called “wood wide web” (Simard et al., 1997; van der 
Heijden et al., 2015). In addition to nutrient exchange, mycorrhizal interactions have been shown to 
reduce the damage and infection rate of biotrophic and necrotrophic pathogens, as well as aphids, 
nematodes, fungi, and bacteria (Pinochet et al., 1996; Bruisson et al., 2016; Mustafa et al., 2017; 
Volpe et al., 2018). For example, wheat plants which are colonised by the AMF Rhizophagus 
irregularis (formerly known as Glomus intraradices), show a higher expression of defence-related 
genes as well as an increased production of defence compounds (Mustafa et al., 2017). Furthermore, 
the infection rate of Blumeria graminis f. sp. tritici in wheat plants can be reduced by almost 80% 
(Mustafa et al., 2017). Interestingly, it was reported that Astragalus adsurgens plants show a growth 
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promotional effect when grown in a mycorrhizal interaction but these plants are more susceptible 
against powdery mildew (Liu et al., 2018).  
Mutualism, commensalism, and parasitism require a sophisticated communication between fungi and 
plants. Especially during the establishment of a mutualistic symbiosis, the release and exchange of 
different compounds into the rhizosphere and to the respective partner can be observed (Besserer et 
al., 2006; Bonfante and Anca, 2009; Schmitz and Harrison, 2014). 
III. Plant-Microbial Communication 
 
Plants secrete molecules which have an broad impact on the diversity and quantity of microorganisms 
in the rhizosphere (Azcón-Aguilar and Barea, 1996; Mariotte et al., 2018; Stringlis et al., 2018). For 
example, amino acids, sugars, organic acids, flavonoids, terpenoids, vitamins, enzymes, and gaseous 
molecules are released by plants (Dakora and Phillips, 2002). One of the major chemical mediators 
are phenolic compounds, which comprise up to 40% of the total released organic carbon (Hirsch et 
al., 2003). Examples for phenolic compounds are strigolactones (Ruyter-Spira et al., 2013). Initially, 
these substances were found in the secretome of cotton plants, where small quantities of 
phytohormones induce germination of the root-parasitic witchweed Striga lutea (Cook et al., 1966; 
Musselman, 1980). Strigolactones are produced under low P condition, play a role in auxin transport, 
and induce root growth (Ruyter-Spira et al., 2013; Shinohara et al., 2013). In addition, strigolactones 
and other phenolic compounds can act as attractants for AMF and nitrogen (N)-fixing Rhizobiaceae 
bacteria (Besserer et al., 2006; Parniske, 2008; Mandal et al., 2010). In AMF, strigolactones activate 
mitochondrial genes which in turns stimulate both germination of spores and branching of hyphae 
(Besserer et al., 2006). 
In addition to plants, microbes secrete compounds which induce responses in plants as well. For 
example, plants which grow in the proximity of AMF or which are treated with germinating spore 
extracts from AMF, activate symbiosis-specific genes (Kosuta et al., 2003; Oláh et al., 2005). 
Furthermore, the germinating spore extracts from Gigaspora margarita induce a specific calcium 
signal in the host plant Glycine max but not in non-host plants such as Arabidopsis thaliana (Navazio 
et al., 2007). 
In Rhizobiaceae, plant-derived phenolic compounds such as flavonoids or strigolactones act as direct 
promotor for nod (nodulation) genes (Peck et al., 2006; Mandal et al., 2010). Nod genes are involved 
in the production of lipo-chitooligosaccharides (LCOs), so called NOD factors. In general, LCOs 
have a chitooligosaccharide backbone that consists of four to five N-acetylglucosamine residues with 
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β 1–4 linkages. Depending on the species of Rhizobiaceae, different substitutions on the reducing and 
nonreducing end of the LCOs can be added (Liang et al., 2014).  
LCOs were also found in AMF upon treatment with root extracts (Maillet et al., 2011; Liang et al., 
2014). These fungal LCOs are called MYC (mycorrhiza) factors and increase colonisation, alter root 
architecture, and induce the expression of symbiosis marker genes in different plants such as 
M. truncatula, G. max, or Oryza sativa (Maillet et al., 2011; Schmitz and Harrison, 2014).  
It is likely that the legume-rhizobium symbiosis (LRS) has evolved from the more ancient 
mycorrhizal interaction (Liang et al., 2014). Thus, it is not surprising that bacterial NOD factors and 
fungal MYC factors have a similar structure and activate similar genes as well as symbiotic pathways 
(Oldroyd, 2013). The respective host plant has to distinguish mutualistic bacteria and fungi from 
pathogens. LysM (Lysin Motif) domain-containing Receptor Like Kinases (LysM-RLKs) are 
involved all three symbiotic interactions (Oldroyd, 2013; Gough et al., 2018). LysM domains are 
found in the extracellular region of the host cell where they bind NOD and MYC factors at nanomolar 
concentrations (Oldroyd, 2013). LysM-RLKs are essential for the formation of nodules but only have 
a supporting role in mycorrhiza (Gough et al., 2018). It therefore seems likely that additional fungal 
signal and perception systems must exist in order to establish mycorrhiza. 
Calcium signalling is a quick response pathway often used to link perception of external signals to 
the induction of specific genes (Vadassery and Oelmüller, 2009; Oldroyd, 2013; Edel et al., 2017). 
Upon stimulation by external stresses, the concentration of calcium in the cytosol ([Ca2+]cyt) increases 
drastically within seconds to minutes. Afterwards, the [Ca2+]cyt binds to calcium binding proteins, is 
secreted from the cell, or is transported to internal storages such as mitochondria or the vacuole 
(Vadassery and Oelmüller, 2009). Depending on the amplitude, frequency, duration, and location of 
the calcium signal, a specific reaction for different stresses can be observed (Oldroyd, 2013; Zipfel 
and Oldroyd, 2017). Examples for substances which create a specific calcium signature are microbial 
associated molecular patterns (MAMPs) such as flagellin or chitin (Vadassery and Oelmüller, 2009), 
phytohormones (Meimoun et al., 2009), or LCOs (Genre et al., 2013).  
Despite the structural similarity between fungal and bacterial LCOs, distinct calcium signals have 
been observed for the different organisms (Kosuta et al., 2008; Genre et al., 2013). One central protein 
for the decoding of the mutualistic calcium signalling is the Calcium- and Calmodulin-dependent 
Protein Kinase (CCaMK) (Oldroyd, 2013). CCaMK is essential for AM formation by 
phosphorylation and subsequent activation of the transcription factor CYCLOPS (Diédhiou and 
Diouf, 2018). Together with DELLA proteins and DIP1 (DELLA Interacting Protein 1), CYCLOPS 
forms a complex which promotes the expression of RAM1 (Reduced Arbuscular Mycorrhization 1) 
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(Diédhiou and Diouf, 2018). RAM1 and RAM2 are two transcription factors which are critically 
involved in colonisation of plants by AMF as well as pathogenic fungi (Gobbato et al., 2013). RAM1 
induces the expression of different early symbiotic genes including RAM2. RAM2 has different roles 
including cell wall construction and promotion of hyphal formation (Diédhiou and Diouf, 2018).  
CCaMK can decode and respond to calcium oscillation from NOD and MYC factors. 
Consequentially, additional signals must exist to help plants to differentiate between AMF and 
Rhizobiaceae (Oldroyd, 2013). Recently the central role of small ncRNAs (Non Coding RNAs) in 
the regulation of plant-microbial communication has emerged (Lelandais-Brière et al., 2016; 
Diédhiou and Diouf, 2018). Small ncRNAs can control gene expression on transcriptional and 
posttranscriptional level, and link phytohormones with gene regulation (Lelandais-Brière et al., 
2016). Even transspecies acting small ncRNA have been reported (Cai et al., 2018). For example, 
after infection by the necrotrophic fungus Botrytis cinerea, A. thaliana secretes small ncRNAs which 
are transferred to the infection site. After uptake, the fungal pathogenicity genes are silenced (Cai et 
al., 2018).  
In AM and LRS a central role of small ncRNAs has been reported as well (Lelandais-Brière et al., 
2016). Exemplary, miR171h (microRNA 171h) silences NSP2 (Nodulation Signalling Pathway 2) 
which has diverse functions in AM and LRS (Lelandais-Brière et al., 2016). NSP2 is involved in 
strigolactone production prior to colonisation, formation of nodules, and the development of AMF 
(Diédhiou and Diouf, 2018). Furthermore, NSP2 interacts with RAM1 and nsp2 mutants are 
colonised slower by AMF (Oldroyd, 2013). The exact interplay between perception of MYC factors, 
calcium signalling, miRNA-mediated gene regulation, and expression of symbiosis-specific genes is 
subject of ongoing research. 
IV Endophytes 
 
While a lot of work has been done on the ecological and agroeconomical impact of AMF, several 
limitations exist in studying this interaction. One major disadvantage is the obligate biotrophic 
lifestyle of AMF. With the exception of R. irregularis, in vitro cultivation of AMF is not easily 
possible (Hildebrandt et al., 2002; Parniske, 2008). This makes identification and characterization of 
signalling molecules from AMF and their respective host plants challenging. Furthermore, many 
genetic tools are not established for AMF and their respective host plants, and the model plant 
A. thaliana is not colonised by AMF (Veiga et al., 2013; Chiapello et al., 2015). In contrast to AMF, 
not so much data exists on mutualistic interactions between plants and endophytic fungi. Nonetheless, 
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endophytic fungi share similarities with AMF, can be cultivated in vitro on axenic media, and several 
genetic tools are available (Hilbert et al., 2012). In the present thesis an endophyte, called 
Piriformospora indica (also known as Serendipita indica) was used, to study beneficial traits in 
symbiotic interactions. Endophytic fungi have interacted with plants for 400 million years and 
depending on the environmental conditions, these interactions can shift from commensalism to 
parasitism, to mutualism (Lahrmann et al., 2015; Perotto et al., 2018). Endophytic fungi are a diverse 
group of organisms which have different taxonomic backgrounds but share a similar lifestyle. 
Endophytic fungi can inhabit different plant tissues as part of their life cycle, without necessarily 
causing harm to the host, but can live as soil saprophytes as well (Chiapello et al., 2015; Perotto et 
al., 2018). These diverse lifestyles are manifested in the genome of endophytes. For example, 
endophytic fungi have been shown to have enzymes required for degradation of plant cell walls or 
other plant components, as well as enzymes required for mutualism and parasitism (Schlegel et al., 
2016; Perotto et al., 2018). Similar to AMF, mutualistic endophytic fungi improve plant growth, 
nutrient availability, and improve resistance against biotic and abiotic stresses (Perotto et al., 2018). 
Some endophytic fungi can have a broad host range and, depending on the environmental conditions 
or the respective host plant, the outcome of symbiosis can be changed (Petrini, 1991; Fesel and 
Zuccaro, 2016). For example, the Ascomycete Meliniomyces variabilis can form symbiotict 
interactions with Ericaceae and Brassicaceae plants (Ohtaka and Narisawa, 2008). In Brassica 
campestris, M. vaiabilis improves the plant fitness but when the endophyte colonises eucalyptus roots 
it does not have any impact on the plant fitness (Ohtaka and Narisawa, 2008).  
V. Piriformospora indica 
 
The endophytic fungus P. indica promotes plant growth and resistance against abiotic and biotic stress 
(Franken, 2012). P. indica belongs to the family Serendipitaceae (division Basidomycota, class 
Agaricomycetes, order Sebacinales) (Weiß et al., 2016). The endophyte was isolated in the Indian 
Thar Desert from the rhizosphere of the native bush Zizyphus nummularia and the invasive shrub 
Prospis juliflora (Verma et al., 1998). Initial reports showed a growth promotional effect on different 
plant species such as maize or tobacco (Varma et al., 1999). P. indica can easily be cultivated in vitro 
(Johnson et al., 2011) and is used as a model organism to study mutualistic plant-symbiont 
interactions with different hosts (Figure 1) (Franken, 2012). P. indica forms mutualistic interactions 
with many plant species, including non-mycorrhizal plants such as A. thaliana (Table 1). In general, 
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the colonisation of plants by P. indica takes place in three phases during which the fungus manipulates 
various aspects of plant defences (Jacobs et al., 2011; Lahrmann and Zuccaro, 2012; Xu et al., 2018).  
In the first phase, which can last between one to three days, the fungus grows around the root and on 
the root surface, initiating the first physical contact (Lahrmann and Zuccaro, 2012). During this time 
an upregulation of fungal genes for hydrolytic enzymes and effector proteins can be observed 
(Lahrmann and Zuccaro, 2012; Liu et al., 2019). At the same time an upregulation of plant genes 
associated with the production of lectins and hormones has been reported (Lahrmann and Zuccaro, 
2012). Furthermore, a higher level of different phytohormones can be observed (Vahabi et al., 2015; 
Xu et al., 2018). For example, A. thaliana plants show elevated levels of both salicylic acid (SA) and 
jasmonic acid (JA) two dpi (days post inoculation) with P. indica (Vahabi et al., 2015). The level of 
these two main plant-defence hormones is reduced once the mutualistic interaction is established 
(Vahabi et al., 2015). Another hormone, abscisic acid (ABA), which has been proposed to be a 
sensing mechanism for AMF (Stec et al., 2016), is also upregulated during P. indica colonisation 
(Peskan-Berghöfer et al., 2015). Higher level of exogenous ABA and drought stress enhances 
colonisation of the fungus, whereas ABA deficient plants are not as strongly colonised as wild-type 
plants (Peskan-Berghöfer et al., 2015). 
In the second phase, after three to seven days, a biotrophic-like phase can be observed (Lahrmann 
and Zuccaro, 2012). Fungal hyphae penetrate the outer layer of root cells with the help of cell wall 
degrading enzymes and grow inter- and intracellularly (Jacobs et al., 2011). The hyphae are especially 
present in the mature root, whereas they are only sparsely found in the elongation zone (Deshmukh 
et al., 2006). The vascular tissue and leaves of host plants are not regularly colonised (Schäfer et al., 
2009). Interestingly, the fungal hyphae are surrounded by a plant-derived membrane which is similar 
to the AMF-plant periarbuscular membrane (Bonfante and Genre, 2010). During this second phase, 
genes and hormones associated with plant defence are 
downregulated (Lahrmann and Zuccaro, 2012; Vahabi et al., 
2015). For example, H2O2 accumulation and callose 
deposition is reduced and expression of cell-death-inducing 
genes is supressed in colonised plants (Deshmukh and 
Kogel, 2007; Schäfer et al., 2009; Jacobs et al., 2011).  
A third phase has been reported for barley seven to ten dpi 
(Lahrmann and Zuccaro, 2012). During this “cell-death-
associated-phase” several cortical and rhizodermial cells die 
and are filled with hyphae which later produce 
Figure 1 P. indica grown for 28 days in 
axenic culture 
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chlamydospores (Deshmukh and Kogel, 2007). DELLA proteins are degraded by P. indica at the 
7th dpi (Jacobs et al., 2011). This shows further similarities of P. indica to AMF, as DELLA proteins 
have been shown to be involved in RAM1 activation (Diédhiou and Diouf, 2018). DELLA proteins 
have been shown to act as negative regulators of gibberellic acid (GA) (Xu et al., 2018). GA is 
upregulated in the presence of P. indica and plants impaired in GA synthesis or GA perception 
showed reduced colonisation by the fungus (Xu et al., 2018).  
In A. thaliana, this clear distinction between the three colonisation phases cannot be observed 
(Lahrmann and Zuccaro, 2012). For example, proteins associated with saprophytism and DELD 
effector proteins are upregulated in barley but not in A. thaliana at the late time point of colonisation 
(Lahrmann et al., 2013).  
 
The aim of this thesis was to investigate the interaction between P. indica and A. thaliana with 
special focus on calcium signalling during the early phase of colonisation and the secretion of 
proteins during the establishment of symbiosis. 
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Manuscript 1 
A Poly(A) Ribonuclease controls the cellotriose-based interaction between 
Piriformospora indica and its host Arabidopsis 
Joy M. Johnson, Johannes Thürich, Elena K. Petutschnig, Lothar Altschmied, Doreen 
Meichsner, Irena Sherameti, Julian Dindas, Anna Mrozinska, Christian Paetz, Sandra S. Scholz, 
Alexandra C.U. Furch, Volker Lipka, Rainer Hedrich, Bernd Schneider, Aleš Svatoš and Ralf 
Oelmüller 
Published: Plant Physiology, March 2018, Vol. 176, pp. 2496–2514 
www.plantphysiol.org/cgi/doi/10.1104/pp.17.01423 
 
Summary 
 
In this manuscript the role of cellotriose (CT) in the communication between P. indica and 
A. thaliana was described. CT was isolated in axenic culture of P. indica and induces a specific 
calcium signature which resembles signals from LCOs. Cycam, a mutant which is impaired in 
CT-induced calcium signalling, has a point mutation in the Poly(A) specific Ribonuclease 
(AtPARN). I complemented the cycam mutant plants and recovered the wild-type phenotype. 
Furthermore, I analysed the phenotype of the complemented plants. 
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XUKNEWZNCGMNCJHMOPQRKNKSPCJX\RKFOPQRWQTeZNRZQ̂̀ KĴVCWOQYJQHRHZHELKG\RKQWREJWEQT\RKWEJHEGT_JR̀EGQRHPKL
noGkfZGSTD̂pbaqrnZEGkfZGST[EGICJP
ElEQECGWO[GKZF\RKQPJHOEQRQstUlTUCuMNCJWvYJQHRHZHELKGgOEIRWCNwWKNKSPTabbcxeEJCT[EGICJP
LlEQECGWO[GKZFUCQQVFEWHGKIEHGPsMGKHEKIRWQTUCuMNCJWvYJQHRHZHELKGgOEIRWCNwWKNKSPTabbcxeEJCT[EGICJP
)77yzzzzzzz{{{|{z}B|-/./-/~zzzzzzzBz|}'||*/3//~zzzzzzzB}BB'5/ /~zzzzzzzB{z}'|/8/~
zzzzzzz{{BB'{}B/%/~zzzzzzz{||'}/8/~zzzzzzz{'z{BB|| /8/~zzzzzzzB{||zz/)//
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zu{VWXYZ[\]̂_̀_aX̂bcdXĥ_f̂e_Xnǹb\X̂bcdchchWqoir{chWp|{cfXWqgc̀t̂bcd
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QZẀRUYOU]\RabhZQZSUSVTvZYXQRg\_Z
PRg̀ VZ\ZYS\SWZ\cdX\ZQhSQYe]ZUZWSVWR
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]ZUZWQZẀRUYOU]\RZO\_ZQabRQP_O\OUOW
VRhZQOUlmlnoQRR\WiQO]_\k\_SUOUhOVY[
\T̀ZQRR\WiVZX\kcdX\ZQp_i\R̀ke\_Z
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Manuscript 2 
Arabidopsis thaliana responds to colonisation of Piriformospora indica by secretion of 
symbiosis-specific proteins 
Johannes Thürich, Doreen Meichsner, Alexandra C. U. Furch, Jeannette Pfalz, Thomas 
Krüger, Olaf Kniemeyer, Axel Brakhage, Ralf Oelmüller 
PLoS ONE 13(12): e0209658. https://doi.org/10.1371/journal.pone.0209658 
 
Summary 
 
In this publication the influence of P. indica on the secretome of A. thaliana and vice versa was 
studied. A shift in the proteins in the supernatant of the different treatments was found. The 
involvement of Polycystin, Lipoxygenase, Alpha-toxin and Triacylglycerol lipase 1 (PLAT1) 
and the role of the phenolic coumarins scopolin/ scopoletin, and ER-bodies on symbiosis were 
studied more in detail. 
I designed the experiments with the help of Doreen Meichsner, Axel Brakhage, and Ralf 
Oelmüller. Together with Thomas Krüger, I performed the Solid-Phase-Extraction (SPE) 
experiments. Together with Doreen Meichsner, I performed the gene expression studies, High 
Performance Liquid Chromatography (HPLC), and growth experiments. Together with 
Alexandra Furch, I performed the microscopic studies. I performed the GO-term (Gene 
Ontology) analysis, statistical analysis, literature research of the secretome, and generated the 
graphs. I wrote the original draft of the article which was reviewed by Alexandra Furch, 
Jeannette Pfalz, and Ralf Oelmüller. 
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]fi\]U]̂\bVUb\cWbc_kg\cdg\bYabY\UcgalW\mcg[\XZncWV_ncWV_hcgjVWZ_L ]̀UcbeUVgVWdooU\cd
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hcgjVWZ_QW[X\XeXc]f̀ \bg]p\]U]̂Z_kg\cdg\bYbY\UcglW\mcg[\XZncWV_ncWV_hcgjVWZ
ugVUfv]cUjecUcgweW\axcWVvdc
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b\VX\]W[f]gjcddcocWd]WXYcc{bYVŴc]fWeXg\cWX[VWd[\̂WVU\Ŵ j]UcbeUc[pcXzccWXYc
oVgXWcg[vY\[\WbUedc[Vd\mcg[c[cX]fog]Xc\WbUV[[c[\Wm]Umcd\WdcfcWbc_WeXg\cWXeoXV|c
]gc[XVpU\[Y\Ŵ V[Zjp\]X\bgcUVX\]W[Y\ovcgc_zcYVmcVWVUZ[cdXYc[cbgcX]jc[]fXYc
jeXeVU\[X\b_g]]XacWd]oYZX\bfeŴe[}~~~~VWd~~~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beUX\mVXcdVU]Wc]g\WVb]abeUXegcv̀ ]gcXYVW]WcYeWdgcdog]Xc\W[zcgc\dcWX\f\cdV[d\fcga
cWX\VUZ[cbgcXcd_\WbUed\Ŵ og]Xc\W[V[[]b\VXcdz\XŶ g]zXY_dcmcU]ojcWX_Vp\]X\bVWdp\]X\b
[Xgc[[gc[o]W[cVWdjeb\UV̂cvY\Uc[]jc]fXYcog]Xc\W[YVmcpccWV[[]b\VXcdpcf]gcX]
pc\Wm]Umcd\WoUVWXaj\bg]p\VU\WXcgVbX\]W_]XYcgog]Xc\W[VgcWczUZdc[bg\pcd\WXY\[b]WXc{Xv
WcoUVWXog]Xc\Wf]eWd\WXYcb]abeUXegc\[TT]UZbZ[X\W_\o]{ẐcWV[c_UoYVaX]{\W
VWdg\VbZÛUZbcg]UU\oV[cvTYV[W]XpccWV[[]b\VXcdz\XYoUVWXafeŴVUa\WXcgVbX\]W
VWd\[|W]zWX]oUVZVg]Uc\WVp\]X\b[Xgc[[gc[o]W[c[vWb]U]W\[cdg]]X[T[Y]z[VW
VUXcgcd̂ cWcc{ogc[[\]W\WV[XV̂c[ocb\f\bjVWWcgVWd|W]b|a]eXoUVWX[Vgcb]U]W\[cd
[Xg]ŴcgvXb]aU]bVU\[c[z\XYigV[[\bVbcVca[ocb\f\bcWd]oUV[j\bgcX\beUejp]d\c[ ap]da
\c[zY\bYVgc\Wm]Umcd\WXYcf]gjVX\]W]fXYcdcfcWbcb]jo]eWd[b]o]U\Wvc]p[cgmcd
dĉgVdcd ap]d\c[\W\WfcbXcdgVp\d]o[\[g]]X[VWdVbYVŴc\WXYc[b]o]U\WUcmcU\W
gc[o]W[cX]XYcogc[cWbc]fXYcfeŴe[v
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Summary 
 
In this publication the link between AtPARN and calcium signalling was discussed.  
I wrote the manuscript which was reviewed by Ralf Oelmüller. 
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Abstract 11 
The amount, activity and stability of proteins and other gene products can be controlled by 12 
RNA on a pre-translational and post-translational level. In our research we identified an 13 
Arabidopsis mutant (cycam) which is impaired in calcium signalling and is susceptible against 14 
exogenous level of abscisic acid. The causative mutation of the cycam mutation is located 15 
inside the active domain of a poly (A) specific ribonuclease (PARN). In this review we 16 
describe possible connections between RNA metabolism and the phenotype of cycam. 17 
RNA metabolism 18 
Many mRNA contain poly(A) tails at their 3’ -ends which are involved in stability, nuclear 19 
export, quality control, localization, formation of the initiation complex at the ribosomes, as 20 
well as stalling and termination of translation (Barreau et al., 2005; Schuller and Green, 21 
2018). The adenine rich region of 20 to 250 nucleotides, is added during RNA processing at 22 
the 3’ UTR of mRNA (Nicholson and Pasquinelli, 2018). Occasionally, additional poly(A) 23 
sites can be found inside of genes, however, it is not clear whether they have the same 24 
functions (Xing and Li, 2011; Tian and Manley, 2017). The importance of poly(A) tails 25 
becomes apparent when considering that half of the human genes and between 50% to 70% of 26 
plant genes have alternative sites for polyadenylation of their mRNA (Tian et al., 2005; Hunt, 27 
2008; Xing and Li, 2011). The exact function and mode of action of Poly (A) sequences is 28 
still poorly understood (Tian and Manley, 2017), and their involvement in multiple processes 29 
makes it difficult to generalize. However, mutations in poly(A) tail processing in almost all 30 
organisms have often severe phenotypical consequences, often associated with lethality. This 31 
has been reported for animals, plants, and yeast (Körner et al., 1998; Reverdatto et al., 2004; 32 
Goldstrohm and Wickens, 2008). Interestingly, in early embryonic stages, the size of the 33 
poly(A) tail strongly correlates with translation of mRNAs ribosomes and the stability of an 34 
mRNA. In contrast, at later embryonic stages and in mature cells no strong connection 35 
between the poly(A) tail and gene expression exist (Subtelny et al., 2014). For example, it was 36 
reported that mRNA of highly expressed genes in adult Caenorhabditis elegans have a very 37 
short poly(A) tail (Lima et al., 2017). These mRNA are strongly translated, have a long half-38 
life and are found with a high abundancy (Lima et al., 2017). This indicates that additional 39 
regulatory mechanisms, independent of the poly(A) tail, must exist and that the poly(A) tail is 40 
involved in different processes in adults (Jalkanen et al., 2014; Subtelny et al., 2014; 41 
Nicholson and Pasquinelli, 2018).  42 
The poly(A) tail is tightly coated by multiple copies of cytoplasmic poly(A)-binding protein 43 
(PABCs). PABCs are involved in termination of translation and induce as well as inhibit 44 
deadenylation. In the absence of PABC, RNA binding proteins with a CAF1 domain can 45 
deadenylate the poly(A) tail. This often occurs in low translated RNA and RNA with a low 46 
codon optimality (Nicholson and Pasquinelli, 2018). 47 
In addition some micro RNA (miRNA), small non coding RNA which play an important role 48 
in gene expression, can be poly adenylated as well (Cai et al., 2004) They can bind to the 49 
3’UTR of specific mRNAs where they terminate translation or recruit the RNA-induced 50 
silencing complex (RISC) which degrades the target mRNA (Morozova et al., 2012). 51 
Interestingly, this regulatory circuit depends on the size of the poly(A) tail of the target 52 
mRNA, which influences its binding ability to their corresponding miRNA (Nam et al., 2014). 53 
Furthermore, miRNAs play an additional role in dissociation of mRNA from ribosomes and 54 
the dissociation of PABC from the poly(A) tail (Fabian et al., 2009; Ender and Meister, 2010). 55 
In plants, an alteration of the poly (A) tail is associated with plant morphogenesis, embryonal 56 
development (Reverdatto et al., 2004), development of reproductive organs and organelle 57 
development (Simpson et al., 2003; Xing et al., 2008). While many components of the (de-) 58 
polyadenylation apparatus are conserved in plants (Hunt, 2008), the poly(A) sites of plants 59 
have a different structure (Xing und Li 2011). In contrast to the majority of animal genes, 60 
which have a specific poly(A) signal (AAUAAA) in the 3’UTR, only 10% of Arabidopsis 61 
thaliana genes possess this signal (Hunt, 2008; Xing and Li, 2011). Instead plants and yeast 62 
genes have additional flanking regions upstream and downstream of the poly(A) site at the 3’ 63 
UTR (Hunt, 2008; Xing and Li, 2011).  64 
A mutation in AtPARN causes the cycam phenotype 65 
We identified an Arabidopsis mutant (cytoplasmic calcium mutant, cycam) which has a point 66 
mutation in the poly(A) specific ribonuclease AtPARN (At1G55870) (Johnson et al., 2018). 67 
While wild-type plants (WT) show a strong calcium spike after treatment with cellotriose 68 
(Figure 1A), a compound derived from the endophytic mycorrhiza-fungi Piriformospora 69 
indica (Michal Johnson et al., 2014), cycam lacks this response. Interestingly, the calcium 70 
response induced by other chemical mediators, such as the pathogen- or microbe-associated 71 
patterns chitin or flagellin, is not affected by the mutation in the cycam mutant (Johnson et al., 72 
2018). Furthermore, cycam plants have higher level of endogenous abscisic acid (ABA), show 73 
an inhomogeneous growth and an altered expression of several hundred genes including seven 74 
miRNAs (Table 1) (Johnson et al., 2018). This phenotype is caused by a point mutation 75 
resulting in a substitution of leucine to phenylalanine at position 135 inside the CAF1 domain 76 
of AtPARN. Phylogenetic analyses of PARN protein sequences showed that most plant 77 
proteins have either a leucine or an isoleucine at position 135 (Figure 2) indicating that this 78 
position is crucial in PARN. 79 
Mutants with a complete knockout of AtPARN are embryo-lethal (Chiba et al., 2004; 80 
Reverdatto et al., 2004), however, another deletion mutant described by Nishimura et al. 81 
(2005) is viable and shows very similar phenotypes as the point mutation identified in our 82 
screen. This abscisic acid (ABA)‐hypersensitive mutant (ahg2‐1) has a 5‐bp deletion in the 83 
fourth exon of AtPARN. It was identified because of its ABA‐hypersensitive phenotype not 84 
only during germination, but also at later developmental stages, and displayed pleiotropic 85 
phenotypes. The mutated loci in cycam and ahg2-1 are both located in the CAF1 domain of 86 
AtPARN, indicating an important role of this domain (Figure 1D). Overall, plants with a weak 87 
mutation in AtPARN have higher level of endogenous ABA, germinate with a lower 88 
efficiency (Figure 1C) (Nishimura et al., 2005), and share some functions in the RNA 89 
metabolism with PARNs from other kingdoms. 90 
The biological function and mechanistic of the conserved protein PARN was studied 91 
extensively in different organisms such as yeast, xenopus, and humans (Körner et al., 1998; 92 
Copeland and Wormington, 2001; Virtanen et al., 2013). PARNs belong to the DnaQ-like 93 
superfamily of exonuclease, and play a role in RNA metabolisms and miRNA induced 94 
silencing (miRISC) (Fabian et al., 2009; Tang et al., 2016). At the moment, PARN is the only 95 
known deadenylases which can interact both with the 5’ cap and the 3’ poly(A) tail of mRNA 96 
and is involved in the circulization of mRNA (Skeparnias et al., 2017). PARN itself is 97 
regulated by interaction with the nuclear cap binding complex, directly the 5’ CAP mRNA 98 
structure, the eukaryotic translation ignition factor 4e, and poly(A) tail binding proteins such 99 
as PABC (Gao et al., 2000; Martinez et al., 2000; Balatsos et al., 2006). 100 
PARNs interact with a specific subset of mRNA, miRNA, small nucleolar RNA (snoRNA) 101 
and small Cajal body RNAs (scaRNA) (Reverdatto et al., 2004; Berndt et al., 2012; Virtanen 102 
et al., 2013; Zhang et al., 2015). Besides their involvement in embryonic development, 103 
PARNs participate in telomere formation and in DNA damage repair after stress (Mittal et al., 104 
2011; Lee et al., 2012; Virtanen et al., 2013; Moon et al., 2015). It was shown in C. elegans, 105 
that PARN interacts with small non coding RNAs (piwi-interacting RNAs), which are 106 
essential in germ line development and fertility, probably by epigenetic regulation (Tang et 107 
al., 2016).  108 
The Arabidopsis PARN is structural and phylogenetic different from animal PARNs (Figure 109 
3). AtPARN has a CAF1 domain (Virtanen et al., 2013) but in contrast to other PARNs, 110 
AtPARN do not possess a RRM or a R3H domain. RRM is required for m7’G-cap binding 111 
(Nagata et al., 2008) and R3H domain can bind poly nucleotide such as single stranded RNA 112 
(Wu et al., 2005). Beside these differences, AtPARN shares high similarities with other 113 
PARNs. For example, the catalytic CAF1 domain is to 2/3 identical with the human version 114 
(Chiba et al., 2004). The impact of AtPARN on the poly(A) tail of selected embryonical 115 
mRNAs has been addressed before (Reverdatto et al., 2004). The non-viable double-knock-116 
out mutants, showed altered adenylation in only one embryonic specific gene (Reverdatto et 117 
al., 2004). This gene, PROLIFERA, which is a DNA helicase, is critically involved in early 118 
seed development, and had an increased poly(A) tail in the Atparn mutant (Reverdatto et al., 119 
2004; Herridge et al., 2014). In contrast, other tested mRNAs did not have an altered poly(A) 120 
tail in the parn mutant, which emphasis the target specificity of AtPARN.  121 
We also compared the poly(A) tails of total mRNA of adult WT and cycam plants without any 122 
visible difference. Furthermore, for selected genes we did not observe any differences. One 123 
reason could be that the number of targeted mRNA species in plants is quite low. However, 124 
besides the classical function in the poly(A) tail shortening of mRNAs for proteins, the role of 125 
AtPARN in miRNA processing could play a crucial role in plants. The impact of PARN on 126 
human miRNA has been shown before (Zhang et al., 2015). Although this has not been shown 127 
yet for plants, the involvement of miRNAs in plant development and response to external 128 
signals becomes increasing recognition (Blein and Laufs, 2016). Thus, it is not surprising, that 129 
we have found seven miRNAs upregulated in cycam plants (Table 1). 130 
RNA and mitochondria 131 
Hirayama et al (2013) showed that AtPARN can be located in mitochondria and proposed that 132 
its regulates the symbiont activity of mitochondria, and degrades putative harmful 133 
mitochondrial RNAs (Hirayama et al., 2013; Hirayama, 2014). Angiosperms have the biggest 134 
mitochondrial genome described so far (Kubo and Newton, 2008). While most of the genes 135 
are conserved, a huge proportion of the genome are non-coding sequences (90% in 136 
Arabidopsis) (Hammani and Giegé, 2014). These insertions are from the nucleus, plastids, 137 
viruses, and unknown origin (Unseld et al., 1997; Holec et al., 2006; Kubo and Newton, 138 
2008). For proper transcription, translation, and regulation, mitochondria constantly crosstalk 139 
with the nucleus (Hammani and Giegé, 2014; Planchard et al., 2018). One way for plants to 140 
crosstalk, are pentatricopeptide repeat proteins (PPR), one of the largest family of plant 141 
proteins (Barkan and Small, 2014). They are involved in most plant development and growth 142 
steps including ABA signalling (Barkan and Small, 2014). They influence the expression of 143 
mitochondrial proteins by altering of RNA sequences, stability and translation rate (Barkan 144 
und Small 2014). This might be due to binding to the poly(A) tail of mitochondrial RNA 145 
similar to PABCs (Hammani and Giegé, 2014). An interplay of PARN with PPRs was 146 
proposed before (Hirayama, 2014). In addition, RNAses such as Polynucleotide 147 
Phosphorylase, were found in mitochondria where they are involved in the degradation of 148 
mRNA and rRNA but also poly (A) tailed non coding RNA (Holec et al., 2006). Whether 149 
AtPARN acts directly in the mitochondria by degrading the poly(A) tail or of a specific subset 150 
of mRNA or indirectly by degrading of miRNA is unclear. Nevertheless, one specific target 151 
inside mitochondria could be the UNIPLEX complex. This mitochondrial calcium uniporter 152 
(MCU) complex contains of calcium pore forming proteins MCU und MCUB, the regulator 153 
essential mitochondrial Ca2+ uniporter regulator (EMRE) and several mitochondrial Ca2+ 154 
uptake (MICU) proteins (Pallafacchina et al., 2018). In muscles, miRNA targets MCU 155 
specifically and regulates the translation of these calcium transporters (Zaglia et al., 2017). 156 
Recently the plant version of this complex was identified and characterized (Teardo et al., 157 
2017).There it was show that AtMCU1 is highly expressed in roots and atmcu1 mutants have 158 
shorter roots (Teardo et al., 2017). 159 
Interestingly we found four mitochondrial genes upregulated in cycam and three genes with a 160 
predicted location in mitochondria, which are downregulated in cycam (Table 1). Whether 161 
one of these genes is the primary cause for the cycam phenotype will be addressed in future 162 
research. 163 
Since cycam mutants are defective in embryonic development and calcium signalling, 164 
AtPARN seems to be involved in both aspects. This brings up the following questions:  165 
A) Are mRNAs, miRNAs, or other small RNAs the targets of AtPARN? Is the protein 166 
active in the nucleus, the cytosol or in the mitochondria?  167 
B) Is the observed cycam phenotype caused by AtPARNs primary functions or due to 168 
secondary effects (e.g. due to altered regulation of hormones such as ABA) 169 
C) Does AtPARN has a different function / mode of action in embryos and adult plants? 170 
D)  How does the point-mutation in the CAF1 domain affects the function of PARN?  171 
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Figure 1 Characterization of the cycam phenotype 338 
 339 
Figure 1 Characterization of the cycam phenotype 340 
(A) Cellotriose is a trisaccharide consisting of three glucose molecules connected by an ß-1,4 341 
linkage. (B) While a specific calcium signal is induced in Arabidopsis reporter plants (parental 342 
aequorin) after application of cellotriose, this is not the case in cycam mutants. After 343 
reintroduction of the wild-type version of PARN, complemented cycam mutant plants show a 344 
normal response against cellotriose. The insertion of the construct into parental aequorin plants 345 
(complemented aequorin) does not have any impact on the calcium signal. (C) In addition to 346 
the calcium response, cycam mutants react to the application of ABA. Exemplary, cycam seeds 347 
germinate more irregular and with a lower frequency (7dpi, 0.3µm ABA, n=13, three biological 348 
replicates, Two-Way-Anova). In contrast complemented plants show a similar germination 349 
frequency compared to the wild-type. (D) Schematic representation of AtPARN and the 350 
respective mutations in cycam (L135F) and in the ahg2-1 mutant (deletion of 5 base pairs). 351 
 352 
Figure 2 Phylogenetic tree of the PARN Protein in different plants 353 
 354 
Figure 2 Phylogenetic tree of the PARN protein in different plants 355 
Comparison of the causative amino acid in cycam with other plants. More than 75% of the 356 
analysed plants have either a leucine or isoleucine at the respective position. In contrast, a 357 
phenylalanine was not found. Sequences were extracted from the NCBI database using 358 
BLASTP (version 2.7) algorithm. The sequences were used for constructing a phylogenetic 359 
tree using CLC Workbench (version 7.7.3). 360 
 361 
Figure 3 Phylogenetic tree of the PARN protein in different organisms 362 
Figure 3 Phylogenetic tree of the PARN Protein in different organisms 363 
The PARN gene clusters in two distinct groups with animals in one and plants (with the 364 
notable exception of barley) in the other group. Sequences were extracted from the NCBI 365 
database using BLASTP (version 2.7) algorithm. The sequences were used for constructing a 366 
phylogenetic tree using CLC Workbench (version 7.7.3). 367 
  368 
Table 1 Regulation of selected genes in cycam plants 369 
Accession number Name Function  
(according to UniProt and 
TAIR) 
Regulation in 
cycam  
miRNA    
AT4G03455.1 MIR447B  targets several 2-phosphoglycerate 
kinase-related family members 
8-fold up 
AT3G26818.1 MIR169M  targets several HAP2 family 
members. 
8-fold up 
AT5G62848.1 MIR420 n.a. 12.9-fold up 
AT1G14071.1 MIR830A n.a. 6.3-fold up 
AT5G39693.1 MIR869A n.a. 3.7-fold up 
AT2G25011.1 MIR836A n.a. 2.5-fold up 
AT3G44444.1 MIR849A n.a. 3.2-fold up 
Located in Mitochondria    
AT1G02700.1 GATA transcription 
factor-like protein 
n.a. 7.9-fold up 
AT2G22241.1 hypothetical protein n.a. 3-fold up 
AT2G29263.1 hypothetical protein n.a. 7.8-fold up 
Mitochondrial    
ATMG00290.1 Mitochondrial Ribosomal 
Protein S4 
S4 is a constituent of the small 
subunit of the ribosomal complex 
2.5-fold down 
ATMG00030.1 hypothetical protein n.a. 3.3-fold down 
ATMG01010.1 Unknown conserved 
protein 
n.a. 2.5-fold down 
ATMG01000.1 hypothetical protein n.a. 2.8-fold down 
Poly(a) binding proteins    
AT1G22760.1 Poly(a) binding protein 3 Putative poly(A) binding protein  3.1-fold up 
RNA binding protein    
AT2G18830.1 RNA-binding 
(RRM/RBD/RNP motif) 
family protein 
n.a. 12.2-fold up 
AT5G08695.1 RNA-binding 
(RRM/RBD/RNP motifs) 
family protein 
n.a. 5.2-fold up 
Connection to Calcium     
AT1G48590.2 
Calcium-dependent lipid-
binding (CaLB domain) 
family protein CAR5 
Involved in abscisic acid-activated 
signalling pathway 4.6-fold down 
AT2G36180.1 
Probable calcium-binding 
protein CML31 Potential calcium sensor 12-fold up 
AT4G00467.1 
Calcium-dependent lipid-
binding (CaLB domain) 
family protein n.a. 3.5-fold up 
AT2G36180.1 
Probable calcium-binding 
protein CML31 Potential calcium sensor 12-fold up 
 370 
Table1 Regulation of selected genes in cycam plants 371 
Two weeks old Arabidopsis seedlings (Col-0) and cycam plants. Microarrays experiments 372 
were designed and performed by Doreen Meichsner and Ralf Oelmüller (personal 373 
communication). 374 
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I. General Discussion 
 
Mycorrhiza is an ancient form of plant-fungal interaction. Even though the ecological and 
economical importance of this symbiosis is known the exact mode of recognition and 
interaction is still subject of ongoing research. The emergence of the endophyte P. indica as an 
alternative model organism can give significant input for the research field.  
In the following the two main topics of this thesis: the early interspecies crosstalk and the 
establishment and maintenance of symbiotic interactions, are discussed in detail. 
 
II. Cellotriose And PARN 
 
The generation of the cytosolic calcium mutant (cycam) gave invaluable insights into the 
communication between A. thaliana and P. indica (Johnson et al., 2014). After treatment with 
a cell wall extract (CWE) of axenically grown P. indicia, A. thaliana plants show a strong influx 
of cytosolic calcium into the roots. The calcium signal has a specific signature which shows a 
peak after approximately 90 seconds followed by a gradual decline. In contrast, cycam plants 
do not react to the CWE of P. indica but show normal responses to treatment with MAMPs 
such as chitin or flagellin. In the first manuscript of this thesis the active component of the 
fungal CWE was identified as cellotriose (CT) and the molecular mechanism of the cycam 
phenotype were analysed in depth. 
The active compound of the CWE was isolated prior by Dr. Johnson (Johnson, 2009). It was 
identified as CT by mass spectrometry and nuclear magnetic resonance spectroscopy (Johnson 
et al., 2018). CT, which induces a calcium signal at low concentration (10 nm), is a trisaccharide 
consisting of three glucose molecules connected by an ß-1,4 linkage.  
CT bares structural resemblance to chitooligosaccharides (COs), such as chitotetraose or 
chitopentose. These fungal polysaccharides are found in germinating spore extracts of 
R. irregularis after treatment with strigolactones and activate common symbiosis genes in the 
host (Genre et al., 2013). COs have similar structures as LCOs but are active in lower 
concentration (Genre et al., 2013). COs employ an additional calcium signalling pathway as 
NOD factors. For example, NFP (NOD factor perception), a LysM-RLK, is essential for the 
perception of NOD factors but is not required for COs induced calcium signalling (Genre et al., 
2013). COs also induce a calcium signal in cycam plants (Johnson et al., 2018). This indicates 
that a different pathway for both forms of oligosaccharides must exist. It is unclear whether 
Chapter 3: 
General Discussion And Conclusion 
18 
 
other LysM-RLK are involved in CT recognition, but it has been shown that one LysM-RLK, 
CERK1 (Chitin Elicitor Receptor Kinase 1) plays a role in P. indica colonisation.  
CERK1 recognises long chitin-oligosaccharides and is involved in immune responses (Liu et 
al., 2012). CERK1 has a specific affinity to chitotetraose and chitoheptaose, whereas no 
activities for chitopentose can be observed (Liu et al., 2012). A. thaliana cerk1 mutant plants 
are overcolonised by P. indica probably due to a lack of proper defence response of the host 
plant (Nongbri et al., 2012).  
The origin and localisation of CT within the cell are still unclear. While it is likely that CT is 
derived from the cell wall of P. indica, this has not been proven. An alternative hypothesis for 
the origin of CT is the endofungal bacteria Rhizobium radiobacter which forms a symbiosis 
with P. indica (Glaeser et al., 2016). Since the CWE of R. radiobacter induces the same calcium 
response both in A. thaliana wild-type calcium reporter lines (pMAQ2) and cycam plants 
(Johnson et al., 2018), it is unlikely that CT is a NOD factor produced by the endofungal 
bacteria. Interestingly, after application of an germinating AMF spore extract, a calcium 
signature similar to that induced by CT was observed (Navazio et al., 2007). Since this effect 
was only observed in soybean but not A. thaliana, it could be speculated that for both plant 
species a similar signal reception mechanism exists but that the exact nature of the respective 
compound is different. The identification of fungal genes responsible for CT production can 
help to understand the evolutionary connections between saprophytic and mutualistic traits. The 
genome of P. indica is in large portions unannotated but the fungus possesses 230 putative 
glucosidases and 66 cellulases. One of these proteins, PIIN_04111, was found in the supernatant 
of P. indica liquid culture (Thürich et al., 2018). This probable β-glucosidases has high 
similarity (approximately 50% identity) with Glycoside hydrolase family 3 (XP_006964076) 
from Trichoderma reesei (Figure 2). 
This transglycosidase has been shown to degrade cellulose with CT as intermediate product 
(Guo et al., 2016). Under high glucose condition (>100 mM) this process is reversed and CT is 
produced from cellobiose (Guo et al., 2016).  
 Figure 2 Alignment of amino acid sequence of PIIN_04111 and CEL3A
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The cycam plants were generated by EMS (Ethyl Methanesulfonate) mutagenesis of pMAQ2 
plants (Johnson et al., 2014). EMS treatment causes the introduction of many single-nucleotide 
polymorphisms (SNPs) in the genome (Johnson et al., 2014). The amount of unrelated 
mutations was drastically reduced by backcrossing (cycam x pMAQ2) and screening of the 
offspring from each crossing cycle. At the F2 generation, I pooled 25 backcrossed plants with 
a CT reactive phenotype and an equal amount of plants with the wild-type phenotype. Both 
pools were analysed by Illumina (100-bp paired-end) sequencing and the reads were mapped 
against the reference genome of A. thaliana (TAIR Version 10). Four SNPs unique to cycam 
and with a frequency of 100% were found. Interestingly, I identified neither a LysM-RLK nor 
a calcium channel. Instead I considered AtPARN, a Poly(A) specific Ribonuclease 
(At1G55870), as the most likely candidate. In cycam plants the point mutation in AtPARN 
causes an amino acid exchange (L135F) in the main RNA binding domain. Beside the CT-
signalling phenotype, I showed that cycam plants show an irregular growth and have a higher 
level of endogenous ABA (Johnson et al., 2018). Interestingly, Nishimura et al. (2005) 
identified an A. thaliana mutant which has an unrelated mutation in the PARN gene and showed 
a similar growth phenotype as cycam (Nishimura et al., 2005). Since double knock-out lines of 
AtPARN are embryonal lethal (Thürich and Oelmüller, 2019), cycam plants were complemented 
using an 35S promotor with AtPARN. Complemented cycam plants showed the CT sensitive 
phenotype and a normal growth 
phenotype (Thürich and Oelmüller, 
2019). In addition, pMAQ2 plants 
which were complemented with the 
same construct showed no abnormal 
phenotype (Figure 3) (Johnson et al., 
2018). P. indica does not influence 
expression of AtPARN mRNA and 
neither PMAQ2 nor cycam plants 
show a different expression level of 
this gene (Thürich and Oelmüller, 
2019). In conclusion, not the total 
amount of AtPARN mRNA is 
responsible for the cycam phenotype. 
Instead the activity or specificity of 
the ribonuclease seems to be 
 
 
Figure 3 Parental lines (pMAQ2 (A) and cycam (B)) and lines 
complemented with the PARN construct (pMAQ2 (C) and cycam (D)) 
Chapter 3: 
General Discussion And Conclusion 
20 
 
influenced by the point mutation. AtPARN is a highly conserved protein with homologues 
found in many species including Homo sapiens, Caenorhabditis elegans, and 
Schizosaccharomyces pombe. PARNs are involved in embryonical development and stress 
response by regulation of RNA metabolism (Thürich and Oelmüller, 2019). The role of PARN 
in A. thaliana and other plants is still unknown but some speculation of it function exist. It has 
been shown that the embryonic-specific gene PROLIFERA had an reduced poly(A) tail in non-
viable seeds of a double knock-out mutant of AtPARN (Reverdatto et al., 2004). PROLIFERA 
is a DNA helicase which is critically involved in early seed development (Herridge et al., 2014). 
With the current knowledge, a role of PROLIFERA in CT-calcium signalling is unlikely. In 
line with previous work (Reverdatto et al., 2004), I did not observe any differences between the 
size of the poly(A) tail of the total RNA pool of cycam and pMAQ2 plants. This confirms the 
current theory of PARN being specific for a subset of RNAs (Reverdatto et al., 2004; Berndt et 
al., 2012; Virtanen et al., 2013; Zhang et al., 2015).  
A role of AtPARN in mitochondrial processes, such as the regulation of mitochondrial mRNA, 
was proposed (Hirayama et al., 2013; Hirayama, 2014). Interestingly, while the aforementioned 
authors observed an approximately 1.5-fold increase of mitochondrial mRNA in parn mutants, 
this is not the case in cycam (Thürich and Oelmüller, 2019). Gene expression studies comparing 
cycam and pMAQ2 plants, showed for most mitochondrial genes no difference in the expression 
compared to the wild-type and for four genes a slight down regulation (Thürich and Oelmüller, 
2019). Interestingly, three genes (two hypothetical proteins and a putative transcription factor) 
which possess a mitochondrial translocation sequence, are upregulated in cycam (Thürich and 
Oelmüller, 2019). Subsequently, it is unclear whether mitochondrial genes are the primary 
target of AtPARN or if my findings and those of others are only secondary effects.  
Initially, an accumulation of PARN in the cytoplasma was reported (Reverdatto et al., 2004). 
In contrast, a partial co-localisation of PARN with mitochondria has later been reported 
(Hirayama et al., 2013). The construct used for the complementation assay was also used for 
stable transfection of wild-type A. thaliana plants. While a PARN-GFP version was detectable 
on protein level, no fluorescence was detectable. In future, new constructs will help to localise 
AtPARN within the cell.  
Another possible role of AtPARN could be the regulation of small ncRNA. In mycorrhizal 
responsive plants miR171h indirectly regulates RAM1, which is required for AM formation 
(Diédhiou and Diouf, 2018). Interestingly, seven miRNAs were upregulated in cycam mutants 
(Table 2) (Thürich and Oelmüller, 2019). One possibility could be that one of these miRNAs is 
involved in the regulation components of the CT calcium signalling pathway. 
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Table 2 Differentially regulated miRNA in cycam 
Accession number Name Function  
(according to Uniprot 
and TAIR) 
regulation in cycam  
AT4G03455.1 mir447b targets several 2-
phosphoglycerate kinase-
related family members 
8.0-fold up-regulated 
AT3G26818.1 mir169m  targets several HAP2 
family members. 
8.0-fold up-regulated 
AT5G62848.1 mir420 Not available 12.9-fold up-regulated 
AT1G14071.1 mir830a Not available 6.3-fold up-regulated 
AT5G39693.1 mir869a Not available 3.7-fold up-regulated 
AT2G25011.1 mir836a Not available 2.5-fold up-regulated 
AT3G44444.1 mir849a Not available 3.2-fold up-regulated 
 
 
 
This thesis gave a first insight into the signal perception of CT, especially in the role of 
AtPARN. So far neither antibody-based approaches nor other methods such as Raman 
spectroscopy or imaging mass spectrometry were successful in visualizing CT. The 
development of new techniques for the production of antibodies against polysaccharides will 
help to answer questions about the production and localisation of CT (Rydahl et al., 2017). 
In the future, localisation experiments will also help to learn more about the function and the 
mode of action of the AtPARN protein. Co-immunoprecipitation experiments could help in 
the identification of interaction partners of AtPARN. Thanks to new techniques available, 
additional research can be performed on the role of RNA and in the plant-fungal interaction. 
Thus, targeted analysis of mRNA as well as untargeted approaches will help to study the 
effect of the PARN mutations on coding and ncRNAs. Especially the role of RNA with 
mitochondrial origin or mitochondrial translational sequences as well as miRNAs are 
promising targets.  
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III. Secretome Analysis 
 
The establishment of a symbiosis requires a sophisticated communication between the 
respective partners. Hallmarks in the establishment of mycorrhiza are the regulation of plant 
defence and the modulation of cellular processes promoting colonisation. Typical signalling 
molecules are MAMPs such as chitin (Schmitz and Harrison, 2014), hormones such as auxin 
and cytokinin (Vadassery et al., 2008), defence-related hormones (Xu et al., 2018), and 
oligomers such as CT. In addition to these molecules, organisms release effector proteins which 
are essential for communication (Lo Presti and Kahmann, 2017; Liu et al., 2019).  
Genome mining helped to identify the first symbiotic effector proteins, SP7 (Secreted Protein 
7), produced by R. irregularis (Kloppholz et al., 2011) and MiSSP7 (Mycorrhiza induced 
Secreted Protein 7), from L. bicolor (Plett et al., 2011). Both small secreted proteins are 
translocated to the nucleus of host plants where they downregulate plant defence and 
subsequently enhance mycorrhiza. While SP7 interacts with ERF19 (Ethylene Response Factor 
19) (Kloppholz et al., 2011), MiSSP7 interferes with JAZ (Jasmonate Zim-domain), a negative 
regulator of the JA pathway (Plett et al., 2011).  
Gene expression data and in silico analyses were also used to predict effector proteins in 
P. indica (Zuccaro et al., 2011; Lahrmann and Zuccaro, 2012; Lahrmann et al., 2015). It was 
shown that P. indicia has approximately 1000 proteins with an N-terminal secretional sequence; 
more than half of these proteins are predicted effector proteins (Zuccaro et al., 2011; Rafiqi et 
al., 2013). Interestingly only 112 of these effector candidates are expressed during the 
colonisation of barley (Lahrmann et al., 2015). One of these genes, PIIN_08944, has been 
shown to be required for proper root colonisation; probably by interfering with the SA-
dependent immune response (Akum et al., 2015). Some limitations exist for these in silico-
based analyses, because only proteins which have certain features such as an N-terminal 
secretional sequence or a conserved motif (e.g. RXLR or DELD) are identified with this method 
(Liu et al., 2019). Since many of the proteins found in the secretome of plants do not possess 
these characteristics this can be a disadvantage for the identification of new effector proteins 
(Agrawal et al., 2010). In order to find new and unusual effector candidates, untargeted 
approaches are used. Proteome, transcriptome, and metabolome analyses produce a huge 
number of effector candidates, but it is unclear whether these proteins have a function outside 
the cell and whether they are transferred to their respective partner.  
Furthermore, correlation between the transcriptome and proteome datasets can be quite weak. 
For example, Ghabooli et al. (2013) analysed the secretome of drought-stressed barley plants 
Chapter 3: 
General Discussion And Conclusion 
23 
 
and identified 37 differentially expressed proteins in the presence of P. indica. When the 
obtained proteome data were compared with RNA transcripts, a correlation for only two out of 
six of the studied genes was found (Ghabooli et al., 2013). 
In order to overcome the limitation of untargeted -omics techniques and in silico analysis the 
focus of this thesis was the secretome of P. indica and A. thaliana (Thürich et al., 2018). The 
plant and the fungus were either cultivated alone or together in liquid media for three days 
(Figure 4). After filtration, the media were purified using solid phase extraction. Proteins were 
identified by liquid chromatography–tandem mass spectrometry. In total, 590 different 
A. thaliana and 164 P. indica proteins were identified in three biological replicates. While some 
proteins were found in all replicates, other were present only in one. Only proteins which were 
present in at least two out of three replicates and were found with a different frequency in the 
single and co-culture were used for further analyses. This was done in order to decrease the 
number of unspecific contaminants, such as the extremely abundant protein RuBisCo (Raven, 
2013), which was found in all treatments. The fungal secretome contained 36 differentially 
secreted proteins out of which 34 were found predominantly in the co-culture. While some of 
them bear resemblance to degrading enzymes from other organisms, many of them have no 
predicted function and are uncharacterized to date. Thus, the list presented in this thesis is a 
starting point for future research on P. indica effector proteins. For example, PIIN_04899, was 
found in the co-culture, is a putative indole-3-acetaldehyde dehydrogenase, and might be 
involved in the formation of auxin. Another example is PIIN_05901: this uncharacterized 
protein is 260 amino acids long and was found in the co-culture. In transcriptome studies with 
barley it did not show any regulation (Zuccaro et al., 2011) but in a recent study with it was 
found in the secretome of the co-culture of 
Brassica napus and P. indica (Shrivastava et al., 
2018).  
 
  
Figure 4 Liquid culture of A. thaliana without (top) and 
with P. indica (bottom) 
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Another main finding of this analysis was the strong impact of P. indica on A. thaliana plants 
cultivated with this fungus (Figure 5) (Thürich et al., 2018). 
These results are in line with other studies that focused on the impact of P. indica on the 
transcriptome, proteome, or metabolome of the host (Schäfer et al., 2009; Alikhani et al., 2013; 
Kumar Bhuyan et al., 2015; Lahrmann et al., 2015). While almost no proteins associated with 
biotic stress were found in the single culture, many proteins with this function were found in 
the co-culture. Many of the proteins from the co-culture had a predicted secretional sequence 
and are associated with systemic acquired resistance (Thürich et al., 2018). Interestingly, 
several subtilisin-like proteases (SBT) and other proteins associated with mucilage were found 
in the supernatant of the co-culture. Mucilage is produced by plants and has diverse functions 
including maintenance of seed dormancy and lubrication during growth (Yang et al., 2012). In 
M. truncatula, expression of a subtilisin-like protease is induced by NOD factors (Taylor and 
Qiu, 2017). Furthermore, mucilage can induce branching of AMF hyphae or induce arbuscle 
formation (Nagahashi and Douds, 2004; Kaiser et al., 2015). The identification of mucilage 
associated proteins, such as SBT1.8, in the co-culture with P. indica will enable further insight 
into the role of mucilage in the non-mycorrhizal model plant A. thaliana. 
In addition, several proteins associated with ER-bodies (Endoplasmic Reticulum) were found 
predominantly in the co-culture. ER-bodies are small structures which are derived from the ER 
network and are involved in innate defence reactions of Brassicales (Nakano et al., 2014). 
These rod-shaped organelles are found in specific tissues including epidermal, cortical, and 
endodermal cells of roots.  
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 Figure 5 Impact of P. indica on the secretome of A. thaliana
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Inside ER-bodies huge quantities of the β-glucosidase PYK10 are found. Upon colonisation by 
nematodes and microbes PYK10 levels are increased in infected tissue. Interestingly, plants 
lacking PYK10 do not benefit from the interaction with P. indica compared to wild-type plants 
(Sherameti et al., 2008). Expression of PYK10 is not influenced by P. indica and 
overaccumulation of pyk10 mRNA does not influence colonisation of P. indica (Sherameti et 
al., 2008). Thus, it is unlikely that PYK10 itself is responsible for controlling growth. In vitro 
assays showed that PYK10 hydrolyses scopolin with highest specificity (Ahn et al., 2010). The 
coumarin scopolin and its aglycone scopoletin reduce growth of several pathogenic fungi 
including F. oxysporum, Fusarium solani (Peterson et al., 2003), and the endophytic fungus 
P. indica (Thürich et al., 2018). Furthermore, scopolin and scopoletin are involved in iron 
uptake (Nakano et al., 2014), shaping of the rhizosphere (Stringlis et al., 2018), and fine tuning 
of plant defence by scavenging of ROS (Kai et al., 2008; Ahn et al., 2010). The role of ROS as 
a key regulator in symbiosis with P. indica colonisation has been previously described (Jacobs 
et al., 2011; Nath et al., 2016). Another protein which was found in the secretome of the co-
culture was PLAT1. PLAT1 is involved in the abiotic stress response and the protein has been 
shown to co-localise with ER-bodies (Hyun et al., 2015). The current hypothesis is that PLAT1 
does not possess enzymatic activity on its own but supports other proteins, such as PYK10, by 
acting as a “docking-site” (Hyun et al., 2015). PLAT1 and its homologue PLAT2 are 
downregulated in roots colonised by P. indica at the 3rd and 7th dpi. In line with these results, 
plat1 mutants are stronger colonised by P. indica at the 7th dpi (Thürich et al., 2018). Roots of 
wild-type plants colonised by P. indica have an significantly increased level of scopolin after 
two weeks, whereas this is not the case in plat1 mutants (Thürich et al., 2018). Furthermore, 
the scopolin mutant f6’h1 exhibited stronger colonisation by P. indica, which supports the 
hypothesis that scopolin controls the growth of the fungus. In order to confirm the hypothesis 
that PLAT1 and PYK10 are both involved in the formation of scopolin in ER-bodies, I studied 
the form and size of these organelles. While during the early phases of colonisation, no 
discernible difference was visible between colonised and mock-treated roots, a clear difference 
became apparent at the 7th dpi. ER-bodies in mock treated plants had the typical rod-shaped 
structure, while roots colonised by P. indica had ER-bodies with a dot-like structure and 
showed a diffuse fluorescence signal of an ER marker at the 7th dpi (Thürich et al., 2018). The 
diffuse signal could derive from dispersed ER-bodies. ER-bodies are formed locally and 
systemically after wounding in a JA dependent manner (Matsushima et al., 2002). A role of JA 
in AM has been proposed before (Hause et al., 2002) and the effect of P. indica on 
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phytohormones, in a phase-dependent manner, has been described as well (Lahrmann and 
Zuccaro, 2012).  
The analysis of the secretome showed the impact of P. indica on A. thaliana plants cultivated 
with this fungus. This is in line with other studies that focused on the impact of P. indica on 
the transcriptome, proteome, or metabolome of the host (Schäfer et al., 2009; Alikhani et al., 
2013; Kumar Bhuyan et al., 2015; Lahrmann et al., 2015). The analysis of selected proteins 
such as mucilage associated proteins can be fruitful for further experimental approaches. For 
example, I analysed the secretome after three days of co-cultivation in liquid media. An 
analysis of the secretome in solid media was not possible owning to the low amount of 
extractable proteins and technical constraints. New techniques, such as imaging mass 
spectrometry could help in further enquiries. In addition, a comparison of earlier and later 
time points during colonisation will be helpful to see the shift between the early recognition 
phase of both partners and the established symbiosis. Another possibility would be to alter the 
composition of the media for example by addition of a carbon source or plant-available 
phosphate, or the addition of additional pathogenic organisms.  
The identification of ER-body associated proteins, such as PLAT1, in the secretome suggests 
that these organelles are involved in P. indica colonisation. Whether they are direct targets of 
the fungus or whether the observed effects are due to secondary effects should be analysed in 
future enquiries. Furthermore, the generation plat1 and plat2 double knock-out lines with 
GFP-tagged ER-bodies would help to study the connection between PLAT, ER-bodies and the 
defence compound scopolin.  
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I Summary  
 
The endophytic fungus Piriformospora indica can form beneficial interaction with many 
different plant species including Arabidopsis thaliana. This interaction has similarities to 
mycorrhiza, can improve the plant fitness, and can result in a higher biomass production. I 
focused on the perception of a novel signalling molecule, cellotriose, and the identification of 
symbiosis-specific (small) secreted proteins.  
Cellotriose, a oligosaccharide which is most likely produced by P. indica, causes a strong and 
specific calcium signal in A. thaliana. I identified PARN, a poly(A) specific ribonuclease and 
showed that it is essential for calcium signal in response to cellotriose in A. thaliana. A single 
point mutation in the PARN gene completely abolishes the calcium response and the mutant 
phenotype is rescued after insertion of a function PARN gene into the Arabidopsis mutant. 
PARNs are conserved proteins which are involved in stress response and embryo development 
in animals, fungi, and plants.  
In addition, I established a system to investigate the secretome of P. indica and A. thaliana 
during symbiosis. I identified plant and fungal proteins which are specifically secreted during 
the symbiosis and proteins which are no longer present in the secretome when the two 
symbionts grow together. Besides well well-known proteins involved in plant-microbial 
communication and biotic defence, I found several proteins which were not described in this 
context before. This includes proteins involved in the production of scopolin, the formation of 
the ER-body, and mucilage-related proteins. Using Arabidopsis mutants impaired in scopolin 
biosynthesis, I could show that the coumarin restricts growth of P. indica on agar plates, but 
the complete absence of this compound increases the colonisation level of the fungus in 
Arabidopsis roots. In addition, I showed that P. indica strongly affects the morphology of the 
ER-bodies, i.e. the organelles which are involved in the production of different defence-related 
secondary compounds including scopolin. I found, that during the early phase of colonisation, 
the ER-bodies have a reduced size. This effect is reversed once the interaction is established. 
Finally, symbiosis-specific exudate fractions contain elevated levels of plant-derived proteins 
involved in mucilage formation.  
My investigation identified and initially characterised new players in the P. indica / A. thaliana 
root symbiosis which should be investigated in greater details to identify new ways of 
improving plant fitness. 
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II Zusammenfassung 
 
Der endophytische Pilz Piriformospora indica bildet mykorrhiza-ähnliche Symbiosen mit 
verschiedenen Pflanzenarten. Kolonisierte Pflanzen können eine erhöhte Stressresistenz und 
eine höhere Biomasse haben. Ich habe die Interaktion zwischen P. indica und 
Arabidopsis thaliana untersucht und dabei besonderen Fokus auf die Erkennung und 
Weiterleitung von neuen Signalmoleküle, wie Cellotriose und die Identifikation von symbiosis-
spezifischen sekretierten Proteinen gelegt. Cellotriose, ein Oligosaccharid welches vermutlich 
von P. indica produziert wird, induziert ein starkes und spezifisches Calcium-Signal in 
A. thaliana. Ich habe PARN, eine poly(A) spezifische Ribonuklease identifiziert und gezeigt, 
dass dieses Protein essenziell für die Kalziumsignalerkennung von Cellotriose ist. Eine einfache 
Punktmutation im PARN Gen kann diese spezifische Kalziumsignalweiterleitung komplett 
verhindern. Durch die Wiedereinführung des PARN Gens in das Genom von A. thaliana wird 
dieser Phänotyp wieder rückgängig gemacht. PARNs sind konservierte Proteine in Tieren, 
Pilzen und Pflanzen, die eine Rolle in Stressantwort und Embryonalentwicklung haben.  
Weiterhin habe ich ein System etabliert, um das Sekretom von P. indica und A. thaliana 
während der gemeinsamen Kultivierung zu untersuchen. Ich habe viele Pflanzen- und 
Pilzproteine gefunden, die ausschließlich während der Symbiose sekretiert werden und Proteine 
die ausschließlich in der Einzelkultivierung von Pflanze und Pilz zu finden sind. Zusätzlich zu 
Proteinen, die für ihre Rolle in der biologischen Abwehr und der Kommunikation von Pflanzen 
mit Mikroben bekannt sind, habe ich weitere Proteine gefunden, die bisher nicht in diesem 
Kontext genannt wurden. Dazu gehören Proteine die in die Produktion von Scopolin, die 
Bildung von ER-Körpern involviert sind sowie mit Schleimstoffen interagieren. Mithilfe von 
Arabidopsis Mutanten, die in der Produktion von Scopolin gehemmt sind, konnte ich zeigen, 
dass dieses Kumarin P. indica nicht nur auf Agar-Platten hemmt, sondern auch das Wachstum 
des Pilzes in der Wurzel beeinflusst. Zusätzlich konnte ich zeigen, dass P. indica die 
Morphologie von ER-Körpern beeinflusst. Diese Organellen sind in die Bildung von 
Sekundärmetaboliten wie Scopolin involviert. Während der frühen Phase der Besiedlung durch 
P. indica, degradieren die ER-Körper– ein Prozess der später, sobald die Symbiose etabliert ist, 
revidiert wird. Außerdem enthält das Sekretom erhöhte Menge an Proteinen, die in die Bildung 
von Schleimstoffen involviert sind. 
In dieser Arbeit habe ich verschiedene neue Komponenten identifiziert und untersucht die in 
die Interaktion zwischen P. indica und A. thaliana involviert sind und das Ziel für zukünftige 
Studien sein können.   
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